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SUMMARY
We previously demonstrated that leukotriene D 4 (LTD 4 (4, 5, 6) . In binding studies, the CysLT 1 receptor has been shown to have the highest affinity for LTD 4 and is generally believed to be the most important receptor in mediating the functional effects of this cysteinyl lekotriene (4) . The
CysLT 2 receptor, on the other hand, exhibit equal binding affinities for LTD 4 and LTC 4 (7) .
Some of the G proteins to which CysLT receptors are linked are sensitive to pertussis toxin (PTX), whereas others are not. This indicates that different signal transduction pathways can be initiated by CysLT receptors, thus enabling this receptor type to mediate a variety of functional activities in the same cell (8, 9) .
Sheng et al. (10) have suggested that there is a connection between inflammation and the development of cancer, which is also supported by results showing that ulcerative colitis is associated with an increased incidence of neoplastic transformation (11) and the observation that colon cancer is underrepresented in populations treated with non-steroidal anti-inflammatory drugs (12) . Furthermore, in previous experiments using non-transformed intestinal epithelial cells (13) , we found that prolonged exposure to LTD 4 (26) .
The participation of PKC isoforms in activation of CREB is particularly interesting, because we have previously shown that the LTD 4 -induced proliferative response in intestinal epithelial cells is mediated via activation of PKCe (16) . PKCs are members of a family of serine/threonine kinases that have been shown to modulate diverse cellular functions, including proliferation, differentiation, and gene activation (27) . There are at least eleven isoforms of PKC, which are classified as conventional (a, bI, bII, and g), novel (d, e, q, h), and atypical (z, i/l), and also PKCm. Upon activation, the individual isoforms can exert University, Portland, OR). Transient transfections of the cells were achieved using 3.5 ml of Lipofectamine (Invitrogen life technologies) and 1.8 mg of plasmid DNA/ml of medium, and were performed in serum-free medium, essentially according to the protocol provided by the supplier. In all transfection experiments, it was routinely confirmed that the empty vector had no effect, and the efficiency of transfection was determined by control co-transfections with an empty pEGFP-N1 vector (Clontech), except for the transfections with an EGFPtagged regulatory domain (RD) of PKC e or a. Na 3 VO 4, 1% Triton X-100, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 4 mg/ml leupeptin, and 30 mg/ml phenylmethanesulfonyl fluoride).
Incubations and Lysis of the Cells-Cells
Thereafter, the cells were kept on ice for 30 min in the lysis buffer, and the remaining cell debris was scraped loose from the bottom of the flasks into the buffer. The lysates were homogenized 10 times on ice with a glass tissue grinder (Dounce) and then centrifuged at 10,000 x g for 15 min. The supernatants were collected, the protein content was measured and compensated for, and further processed for protein separation by gel electrophoresis. Immunoblotting-The separated proteins were electrophoretically transferred to PVDF membranes. The membranes were blocked for 1 h with 5% non-fat dried milk at room temperature and then incubated with a primary antibody (diluted 1:1,000) for 1 h at room temperature or overnight at 4 o C. The membranes were subsequently washed extensively and incubated with a horseradish peroxidase-linked goat anti-rabbit, anti-sheep, or anti-mouse antibody (1:5,000) for 1 h at room temperature. Thereafter, the membranes were extensively washed, incubated with ECL Western blot detection reagents, and finally exposed to hyperfilm-ECL to visualize immunoreactive proteins. The phospho-p90 RSK and phospho-CREB blots were routinely stripped and reprobed to determine the total amounts of p90 RSK and CREB.
Immunofluorescence-The cells were seeded on glass coverslips and grown for five days. During the last 24 h of the incubation, the cells were cotransfected with dominantnegative K -p90 RSK and EGFP vector or transfected with EGFP-tagged RD-PKCa as described above. Thereafter, the cells were serum-starved for 2 h and stimulated with LTD 4 .
The stimulation was terminated by fixing for 10 min at room temperature in a 3.7%
paraformaldehyde/PBS solution, after which the cells were permeabilized in a 0.5% Triton Flow Cytometry-The cells were cotransfected with dominant-negative K -p90 RSK or dominant-negative K -CREB and EGFP vector or transfected with EGFP vector alone and allowed to grow for another 24 h in medium supplemented with serum as described above.
Thereafter, the cells were serum-starved and stimulated with 80 nM LTD 4 for 48 h in the absence or presence of the indicated inhibitors. During the course of the experiment, fresh
RESULTS

LTD 4 Induces Phosphorylations of p90 RSK and CREB in a Time-dependent Manner-
To examine the ability of LTD 4 to activate p90 RSK and/or CREB, we studied the effects of this leukotriene on the phosphorylation status of these two proteins. We found that LTD 4 significantly increased the level of phosphorylation of both p90 RSK and CREB. For p90 RSK , the phosphorylation was rapid and transient (Fig. 1A) , reaching a maximum (3.5-fold increase) after only 5 min and approaching the initial basal level after 90 min. By comparison, the LTD 4 -induced phosphorylation of CREB was also transient but had a slower onset, reaching a maximum level after 30 min and starting to decline after 90 min of exposure to the leukotriene (Fig. 1B) . In our investigation of the intracellular signaling pathways involved in LTD 4 -induced activation of p90 RSK and CREB, our first objective was to confirm the participation of a PTX-sensitive G protein in the initial signaling of LTD 4 . We incubated cells with 500 ng/ml PTX for 2 h and then stimulated them with LTD 4 for 5 min receptors in these cells (Fig. 1D) . We therefore tested the sensitivity of the LTD 4 CREB to a similar degree as LTD 4 (Fig. 1F ). This finding is in good agreement with our previous observation that LTB 4 also triggers a proliferative response in intestinal epithelial cells (34) . The total levels of p90 RSK and CREB during the LTB 4 -and LTD 4 -induced stimulations were unchanged ( Fig. 1 A-E).
LTD 4 -induced Activation of p90 RSK Is Mediated by an Erk-1/2 Signaling Pathway-
We have previously found that, in addition to and downstream of G-protein activity, the Fig. 2A) . In subsequent experiments, we also found that such activation of p90 RSK was inhibited in cells transfected with an HA-tagged kinase-dead Raf-1-expressing vector (K -Raf-1) (Fig. 2B) . Thereafter, we pre-incubated non-transfected cells with PD98059, which is a MEK inhibitor that prevents the activation of Erk-1/2, and observed that this treatment completely blocked the LTD 4 -mediated activation of p90 RSK (Fig. 2C) our control experiments revealed that forskolin-induced activation of adenylate cyclase caused significant activation of CREB also in intestinal epithelial cells (Fig. 3A) . However, the PKA inhibitor Rp-cAMPs did not block the LTD 4 -mediated phosphorylation of CREB (Fig. 3A) . G-protein-coupled receptors have been shown to propagate membrane receptor signals to the nucleus through Erk-1/2-induced activation of CREB (22) . Consequently, we
next performed experiments to determine whether the signaling cascade by which LTD 4 induces activation of p90 RSK (Fig. 2 ) also leads to stimulation of CREB. However, neither transfection of the regulatory domain (RD) of PKCe nor use of the kinase-dead mutant of PKCe had any effect on the LTD 4 -induced activation of CREB (Fig. 3B ). It has previously been shown that RDs can act as specific dominant-negative inhibitors of their PKC isoforms (16, 35) . Furthermore, we noted that neither transfection of cells with kinase-dead Raf-1 nor inhibition of Erk-1/2 activation had any effect on the LTD 4 -mediated phosphorylation of CREB ( Fig. 3B and C) . Likewise, activation of CREB by LTD 4 was not influenced by transfection of cells with HA-tagged kinase-dead p90 RSK (Fig. 3D, lane 3, 4) . Together these data indicate that LTD 4 -induced stimulation of CREB does not involve the PKCe-Raf-1-and Erk-1/2 signaling cascade or activation of p90 RSK , which suggests that this leukotriene activates p90 RSK and CREB via independent but parallel signaling pathways.
In an attempt to identify signaling molecules that participate in LTD 4 -induced activation of CREB, we studied regulatory proteins that have previously been found to be involved in stimulation of CREB, among others the p38 MAPK (23). We found that LTD 4 caused a significant (threefold) activation of p38 MAPK (Fig. 3E ). However, SB203580 had no effect on the LTD 4 -generated phosphorylation of CREB although it inhibited the activation of p38 MAPK (Fig. 3E) . In light of our earlier results showing that LTD 4 also activates Ras (16) and PI 3-kinase (36) in intestinal epithelial cells, and also a report implicating a Ras-dependent kinase in the activation of CREB (25), we conducted further work to investigate possible participation of a Ras and/or PI3K signaling pathway(s) in LTD 4 -mediated phosphorylation of CREB. We found that activation of CREB was not prevented by the following: pre-incubation with the PI3K inhibitor LY294002 (Fig. 3F ), exposure to the farnesyltransferase inhibitor FTI-277, or transfection with the dominantnegative mutant N17 Ras (Fig. 3G) . Even though inhibition of PI3K and Ras did not reduce the CREB phosphorylation, our data might instead suggest that these signals negatively regulate CREB (Fig. 3F, G) . But a great deal of work is obviously needed to confirm such roles for these signaling molecules. Also of interest in this context, CAM kinases, especially CAMK II, have been reported to be involved in phosphorylation of CREB in other types of cells (24), but we found that the CAMK inhibitor KN-62 had no effect on LTD 4 -stimulated CREB phosphorylation (Fig. 3H) .
Classical PKC Isoform(s) Are Involved in LTD 4 -induced Activation of CREB-Other
investigators have described PKC-mediated activation of CREB in different kinds of cells (22, 24) , whereas we found that neither kinase-dead PKCe nor the RD of PKCe had an impact on LTD 4 -induced activation of CREB (Fig. 3B) PKCe but also of the a and d isoforms, we examined the influence of the phorbol ester TPA on CREB phosphorylation. TPA (100 nM, 15 min) treatment led to an unambiguous activation of CREB which was reduced by Gö6976 (2 mM, 30 min; Fig. 4A ). The LTD 4 -induced (80 nM, 30 min) phosphorylation of CREB was blocked by both GF109203X (2 mM, 30 min) and Gö6976 (Fig. 4B) . Notably, we used these two inhibitors at concentrations that are known to prevent activation of the classical isoforms of PKC, which suggests that such PKCs play a role in the LTD 4 -mediated activation of CREB. Under similar conditions, these classical PKC inhibitors had no effect on the LTD 4 -mediated p90 RSK activation (80 nM (Fig. 4E, lane 3, 4) . These data confirm the signaling function of PKCa in LTD 4 -induced activation of CREB.
To gain further evidence that PKCa is involved in LTD 4 -induced activation of CREB, we used deconvolution microscopy to examine cells transfected with EGFP-tagged PKCa-RD or K -p90
RSK . These cells were stimulated with LTD 4 and then immunostained with a phospho-CREB antibody (Fig. 5) . The antibody staining was weak in untreated control cells but was strong in the nuclei of the LTD 4 -stimulated cells (Fig. 5A) (Fig. 5A ). On the other hand, expression of an EGFP-tagged RD of PKCa completely abolished the LTD 4 -mediated phosphorylation of CREB (Fig. 5B) , which further implies that PKCa is involved in the LTD 4 -induced signal that leads to CREB phosphorylation.
We have previously observed that LTD 4 increases the survival (13) and proliferation (16) of intestinal epithelial cells, and in the current study we therefore evaluated the roles of LTD 4 -induced activation of p90 RSK and CREB in those processes. The growth rate of the intestinal epithelial cells was elevated in the presence of LTD 4 , the results suggest that the LTD 4 -induced increase in growth rate was limited to the first two days (Fig. 6A ). This conclusion is also supported by the LTD 4 -induced increase in thymidine incorporation, evaluated between 24 and 48 hours (Fig. 6B) . Cells expressing either K -p90 RSK or K -CREB and subsequently stimulated with LTD 4 , the growth rate was even less than that exhibited by unstimulated control cells (Fig. 6A) . Inasmuch as the transfection efficiency was not 100% in those experiments, we also tested inhibitors of Erk-1/2 (PD98059) and PKCa (Gö6976), which respectively blocked the LTD 4 -induced activation of p90 RSK and CREB (Fig. 6A ). As expected, these inhibitors counteracted the LTD 4 -induced increase in growth rate even more than that obtained by transfection with K -p90 RSK or K-CREB (Fig. 6A) . Similar results were obtained when cell growth was assayed by thymidine incorporation. Cells stimulated with LTD 4 (80 nM, 48 h) exhibited a 164% increased uptake of thymidine that was reduced to 78 and 68% by GÖ6976 and PD98059, respectively (Fig. 6B) (Fig. 6B ).
The effects of inhibition of p90 RSK and CREB on LTD 4 -induced cell growth were further examined by flow cytometry (Fig. 6C, D) . In these experiments, the cells were (Fig. 6C, D) , which indicates that p90 RSK is involved in progression of the cell cycle.
Our data is summarized in the schematic model outlined in fig. 7 . This model reveals our present knowledge of the LTD 4 -induced signaling pathways involved in the activation of CREB and p90 RSK and how these kinases affect the cellular regulation of survival and proliferation.
DISCUSSION
We have previously found that the pro-inflammatory mediator LTD 4 (38, 39) . In accordance, we found that activation of these two proteins by LTD 4 is stimulated via a G i pathway and that LTD 4 induced phosphorylation of CREB in the nuclei of intestinal cells. We found that expression of kinase-dead K -Raf-1 and K -PKCe constructs blocked LTD 4 -mediated phosphorylation of both Erk-1/2 and p90 RSK as did pre-incubation with the MEK inhibitor PD98059.
Furthermore, our observation that p90 RSK was activated more rapidly than CREB by LTD 4 , and earlier investigations demonstrating that CREB can be phosphorylated via an Erk signaling pathway (18, 22) , makes it plausible to assume that LTD 4 These data indicate that CREB is related to LTD 4 -mediated cell survival. In support of such a concept, expression of dominant negative PKCs induced apoptosis in COS cells. However, co-expression of wild-type PKCa rescued these cells from apoptosis (29) . Furthermore, studies in different cell types have also shown that CREB promotes cell survival and protects against apoptosis provoked by diverse stimuli (45, 46, 47) , whereas expression of dominantnegative CREB leads to increased susceptibility to apoptosis (46) . Notably, induction of Bcl-induced expression of Bcl-2 in these cells is actually mediated by CREB, and also to determine whether the survival effect of CREB is transduced via Bcl-2 protein.
In contrast, we found that the arrest in G 0 /G 1 phase and the increase in S phase caused by LTD 4 was significantly inhibited in cells in which the activation of p90 RSK was impaired.
In addition, such treatments also caused a relatively low rate of dead cells. It is well known 
